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We report results from a systematic electron-transport study in a broad temperature range on 12 CaB6 single
crystals. None of the crystals were intentionally doped. The different carrier densities observed presumably arise
from slight variations in the Ca:B stoichiometry. In these crystals, the variation of the electrical resistivity and of
the Hall effect with temperature can be consistently accounted for by the model we propose, in which B-antisite
defects (B atom replacing Ca atom) are “amphoteric.” The magnetotransport measurements reveal that most of
the samples we have studied are close to a metal-insulator transition at low temperatures. The magnetoresistance
changes smoothly from negative—for weakly metallic samples—to positive values—for samples in a localized
regime.
DOI: 10.1103/PhysRevB.90.155128 PACS number(s): 72.20.My, 72.15.Rn, 71.55.Ht
I. INTRODUCTION
Alkaline- and rare-earth hexaborides have been the focus
of extensive experimental and theoretical studies for over four
decades. This continuing interest is coming from the diversity
exhibited throughout this class of materials. Unusually small
changes in the band configuration tend to lead to profound
alterations of the physical properties of these systems. Much
recent interest in alkaline-earth hexaborides is brought about
by the discovery of an uncommon type of ferromagnetism in
CaB6 [1] and SrB6 [2] more than a decade ago. The long-range
ordering to a Curie temperature of 600 K was unexpected
because these compounds do not have partially occupied 3d or
4f orbitals. Extensive theoretical and experimental research
of the electronic properties of CaB6 has not, however, led
to a clear explanation of the observed ferromagnetism. This
was exhaustively reviewed by Edwards and Katsnelson [3].
Furthermore, an overall picture of electronic transport in
alkaline-earth hexaborides is missing as well. Experiments
performed to date on CaB6 have produced many unclear
results. Contradictory effects are observed even in crystals
nominally with the same stoichiometry. The goal of this paper
is to fill this gap. Through systematic study of different single
crystals, we establish general features of electronic transport
in calcium hexaboride, and comprehensively model them.
The CaB6 system crystallizes in a simple cubic structure
which can be pictured as a CsCl arrangement of B6 octahedra
and alkaline-earth atoms. The boron network requires two
electrons to form a closed shell configuration; therefore, binary
alkaline-earth hexaborides are semiconductors. This has been
corroborated by angle-resolved photoemission spectroscopy
experiments and by a GW calculation, which confirms the
existence of an energy gap of about 0.8 ∓ 0.1 eV at the X
point in the Brillouin zone [4]. At the same time, alkaline-
earth hexaborides are prone to the formation of defects.
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Thermopower and resistivity data suggest that the native
defects are mainly donors, because the itinerant charge carriers
are electrons [5,6]. These, most likely, are metal vacancies
or unintentional impurities, as shown by various studies of
CaB6 and SrB6 [7–9]. Close to the stoichiometric composition,
CaB6 exhibits quasisemiconducting behavior in an extended
temperature range [8]. At lower temperatures, its behavior is
rather complicated and seems to be sample dependent.
In this paper, we present results of a systematic electron
transport study on 12 different CaB6 single-crystal samples.
None of them were intentionally doped. The different carrier
densities we have observed presumably arise from slight
variations in the Ca:B stoichiometry. The variation of the
electrical resistivity and of the Hall effect with temperature
in these crystals can be consistently accounted for by a model
we propose, in which B-antisite defects (a B atom replaces a Ca
atom) are “amphoteric.” Most of the samples we have studied
are close to a metal-insulator transition at low temperatures.
This is unveiled by our magnetoresistance measurements, in
which we find that the magnetoresistance changes smoothly
from negative—for weakly metallic samples—to positive
values—for samples in a localized regime.
II. EXPERIMENT
The single crystals of CaB6 used in our study were grown
from Al flux with no intentional doping. The starting materials
were 6N (99.9999% purity) boron, 3N calcium (99.98%
purity), and 3N aluminum for crystals prepared at Irvine.
Boron powder of 99% purity, 4N Ca pieces, and 3N Al were
used at Warwick. Almost all materials proceeded from Alfa
Aesar or Sigma Aldrich. The CaB6 crystals appeared to contain
vacancies on calcium sites. These gave rise to a certain degree
of self-doping. All CaB6 samples grown at Warwick contained,
in addition, an appreciable amount of unidentified donors, most
likely coming from boron powder. The crystals had the form
of thin platelets or prisms. All measurements were performed
on small single crystals of approximately 0.2 × 0.5 × 3 mm3.
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FIG. 1. (Color online) Variation of electrical resistivity with tem-
perature for various stoichiometric CaB6 single crystals.
Prior to experiments, the crystals were cleaved and polished
using polishing films with diamond particles. Surfaces were
cleaned by etching them in concentrated HCl acid. Low
frequency transport measurements were carried out in helium
cryostats with a six-probe method. We used pure indium or
silver paint in order to attach—on previously deposited gold
spots—contact leads (25 μm gold wire) to the samples. In
some cases, the contacts were spot welded. The Hall resistivity
was measured as a function of the magnetic field: (1) in the
(−1,1) T range, for temperatures above 10 K, and (2) up to
10 T, at low temperatures. The magnetization measurements in
the 2–300 K temperature range and in magnetic fields of up to
5 T were made using a commercial superconducting quantum
interference device magnetometer. We have used the same
crystals in electrical transport and magnetic measurements.
III. RESULTS AND DISCUSSION
How the electrical resistivity varies with temperature in
stoichiometric CaB6 single crystals is shown in Fig. 1. Overall,
the resistivity ρ(T ) in all samples, except in the purest one,
has a rather weaker temperature dependence than would be
expected for an undoped semiconductor. Upon lowering the
temperature from 300 K, ρ(T ) first decreases, showing a broad
minimum at about 120 K, and subsequently increases. The
resistivity may show another broad minimum at approximately
10 K and increase beyond that point. The Hall resistivity for
these samples varies linearly with the magnetic field and shows
a negative slope, which implies a predominantly electron-type
conduction. The temperature variation of the Hall coefficient,
RH , plotted in Fig. 2, is atypical: It shows a broad maximum
around 100 K. This cannot be accounted for by a two-carrier
model. We note that the variation seen in the Hall and resistivity
data from sample to sample is quite large, even for crystals
from the same batch. Accordingly, we decided to characterize
each sample individually. Their conductivities and carrier
concentrations at 2 and 295 K are given in Table I.
To explain our results, we assume that some intrinsic
defects, most likely boron atoms at the Ca+2 vacancy sites,
FIG. 2. (Color online) Variation of Hall coefficient with tem-
perature for various stoichiometric CaB6 single crystals. The inset
schematically shows the density of states vs energy in our model.
have charges which may vary from +1 to −1 with respect
to the Ca+2 lattice. This is supported by observations that
(i) stoichiometrically grown CaB6 has vacancies on the
calcium sites [10]; (ii) the formation of B antisites (BCa) is
a principal defect in Ca-deficient CaB6 [11]; and (iii) Ca and
B atoms have two and three valence electrons, respectively;
therefore, BCa can exist in three charge conditions: +1, 0,
and −1 with respect to the Ca sublattice (B ion as B+3, B+2,
and B+1). This implies that—depending on the location of
the Fermi energy—these defects can either act as acceptors
or as donors. In addition, if they are highly localized, their
energy levels will be correlated neither with the positions of
the conduction band nor with any valence band edges. Thus,
the energy levels of these defects can be located anywhere
within the gap or even in the conduction band [12].
The treatment of several energy levels of the same defect
atom calls for the use of the Gibbs distribution [13,14].
Therefore, for BCa we have (see a sketch in Fig. 2)
A(g′0 + g′1e−(E1−EF )/kBT + g′2e−(E2−2EF )/kBT ) = 1, (1)
TABLE I. Transport parameters obtained for CaB6 single crystals
from resistivity and Hall effect measurements.
n (2 K) σ (2 K) n (295 K) σ (295 K)
Sample (cm−3) ( cm)−1 (cm−3) ( cm)−1
BN-1 7.17×1017 8.26 9.90
BN-2 8.80×1017 18.50 10.00
BN-3 3.10×1017 1.26 1.25×1018 37.90
BN-4 5.80×1017 13.30 14.20
BN-5 5.15×1017 8.48 10.53
BN-6 6.20×1017 0.53 9.75×1017 27.03
BN-7 9.10×1018 370.3 6.84×1018 277.8
D396-1 9.61×1017 23.01 1.09×1018 22.60
D396-2 1.32×1018 25.60 1.48×1018 35.21
D396-3 1.65×1018 36.50 38.02
D396-4 5.25×1018 116.3 109.9
CB-1 3.37×1019 1440 3.38×1019 810.0
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FIG. 3. (Color online) Electron concentration vs temperature for
various CaB6 single-crystal samples. Solid lines are fits to experi-
mental data points using the model we propose here. The inset shows
the same for the sample with high impurity concentration.
where g′i = gieSi/kB . {gi} is the set of statistical weights for
states i = 0, 1 and 2, corresponding to the B ion with no elec-
tron, with one electron, and with two electrons, respectively;
Si is the vibrational entropy of these states; E1 and E2 are the
energies of one and two electrons, respectively, at the defect,
and EF is the energy of the Fermi level with respect to the
bottom of the conduction band. A and kB are the normalization
coefficient and Boltzmann constant, respectively. The electron
concentration, n(EF ,T ), in the conduction band satisfies the
neutrality condition:
n + (NA − ND) = NBCaA(g′0 − g′2e−(E2−2EF )/kBT ), (2)
where NBCa , NA, and ND are the concentrations of B-antisite
defects, and of additional acceptor and donor impurities,
respectively. Here, we assume the hole concentration in the
valence band is negligible. We fit Eq. (2) to our Hall data
with E1, E2, NBCa , and NI = (ND − NA) as fitting parameters.
n(EF ,T ) is obtained from numerical integration of the standard
density-of-states expression for a parabolic band. We use
0.28m0 [15], where m0 is the free electron mass, for the
effective mass of the conduction electrons. Furthermore, g0 =
1, g1 = 2, and g2 = 1. Assuming a very small (≈10−4 eV/K
for the E1 state and 10−5 eV/K for the E2 state) entropy
content [8], we found that the values of  0.013 and 0.03 eV
for E1 and E2, respectively, give the best fit to the measured
(n = 1/eRH ) electron concentration in various CaB6 single
crystals. This is shown in Fig. 3. Our calculations reproduce
rather well the observed experimental features, such as the
minimum in n(T ) at about 100 K and a weak downturn below
10 K. The fit to the concentration of antisite defects varies from
∼6 × 1017 cm−3, for the BN-6 sample, to ∼1 × 1019 cm−3 for
CB-1, while the values of NI are lower than NBCa except for the
most heavily doped crystal (CB-1), for which NI  4 × NBCa .
Our model for the variable charge state of B-antisite defects
explains, in a natural way, other experimental results. In
spite of the fact that weak ferromagnetism has been found
in some CaB6 crystals [1], all our samples were diamagnetic
FIG. 4. (Color online) (a) The fraction of occupied E1 defects vs
temperature for various doping levels is shown. The inset shows
the Fermi energy vs temperature. (b) Electron concentration vs
temperature in the conduction band for various doping levels.
or slightly paramagnetic. In the model we propose, only B+2
ions have unpaired electrons, which can—under conditions
we specify further below—contribute to the ferromagnetism
that is observed in CaB6. Their density N1 depends drastically
on impurity concentration NI . This is illustrated in Fig. 4(a),
where N1/NBCa is plotted as a function of temperature,
for various NI/NBCa ratios. The curves we have calculated
are for m∗ = 0.30m0, NBCa = 2 × 1019, E1 = 0.013 eV, and
E2 = 0.03 eV. The drop of N1 with increasing NI is striking
if NI/NBCa > 1, especially at low temperatures. We also
find that, in a broad temperature range, the Fermi level is
pinned between energy E1 and E2 if [see inset of Fig. 4(a)]
NI/NBCa  1.0. Furthermore, electron concentration in the
conduction band depends rather weakly on temperature for
all NI/NBCa ratios [see Fig. 4(b)]. Similar results are obtained
for a quite wide range of parameters NBCa , E1, and E2.
All of this points to a picture in which a condition
NI/NBCa  1 favors significant occupancy of the E1 levels
with the Fermi level close to or at E1. Then, one can
see from Fig. 4(a) that N1/NBCa  0.3. It follows that a
density of 10−3 of E1 defects per unit cell can be reached
if NBCa  1019 cm−3. These defects’ magnetic moments can
therefore lead to ferromagnetism [6]. Moreover, under the
condition NI/NBCa  1, n(T ) does not vary much with NI .
This would explain why ferromagnetic moments—found for
lightly doped CaB6 samples—show no systematic variation
with electron doping level [16]. We also note that some
schemes for ferromagnetism require a high density of states
at the Fermi level, such as a narrow impurity band, in order
to satisfy the Stoner criterion [3]. This is what happens in our
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FIG. 5. (Color online) Hall mobility vs temperature for various
CaB6 single crystals. The inset shows Hall mobility vs electron
concentration at T = 2 K.
model. How ferromagnetism arises from this is, however, out
of the scope of this paper.
It is worth mentioning that Al substitutional impurities,
which can be introduced when samples are grown in an Al flux,
would in our model give the same effects as B-antisite defects.
However, it has been shown that their concentration in CaB6
would be negligible for growth under thermal equilibrium
conditions [17]. Recent results for a CaB6 single crystal grown
by a liquid Ca–solid B reaction under high temperature and
high pressure conditions are in line with this conclusion [18].
The temperature variation of the Hall coefficient reported in
Ref. [18] follows the trend of our results although no Al flux
had been used in crystal growth. The authors of this report
attribute such behavior to a semi-metallic nature of CaB6.
However, their conclusions are at odds with our model and
with recent results obtained for electronic conduction in CaB6
single crystals at high pressure [19]. In particular, electronic
transport measurements under hydrostatic pressure and vary-
ing temperature would provide complementary information
about the defects’ nature in alkaline-earth hexaborides. Such
measurements are yet very scarce for CaB6 [19,20] even
though exotic high-pressure phases have been found in this
system [21].
Finally, we discuss low-field Hall mobility in CaB6 sin-
gle crystals. Figure 5 shows how the mobility, obtained
from μH = RH/ρ, varies with temperature. For NBCa in the
1018–1019 cm−3 range and NI  NBCa , μH has a maximum at
approximately 150 K and drops to a nearly constant value at
lower temperatures. In the most doped sample CB-1, for which
NI > NBCa , the Hall mobility is constant for T  100 K and
decreases further on. In the single crystals with low defect
density, on the other hand, μH drops to quite small values at
low temperatures.
Carrier mobilities in a moderately doped semiconductor
are usually controlled by electron-phonon scattering and, at
lower temperatures, by ionized impurity scattering. A very
weak temperature variation of μH below T  100 K, however,
points to another contribution to mobility in CaB6 crystals
which is the scattering at neutral impurities. An expression
FIG. 6. (Color online) Low–temperature magnetoresistance for
two CaB6 single crystals in different localization regimes.
derived by Erginsoy [22] for the mobility limited by this
process gives μni = m∗e3/(203N0), where  is the dielectric
constant, e is the electron charge, and N0 is the density of
neutral scattering centers. Good agreement with experimental
values is obtained for N0  1019. On the other hand, close to
room temperature, the mobility varies as T −3/2. From this, we
infer it is limited by acoustic lattice vibrations.
In the inset of Fig. 5, μH is plotted versus electron
concentration at T = 2 K. A sharp drop at n ≈ 1 × 1018 cm−3
corresponds to a metal-insulator transition. Using the Mott
relation for the critical concentration, nc = (0.26/aB )3, we
get aB  26 ˚A for the Bohr radius. This is quite close to the
estimated value of 15 ˚A for aB , using the material parameters
of CaB6 [15,23]. The kFλ, where kF = (3π2n)1/3 is the Fermi
wave number and λ = (/e)kFμ is the mean free path, is much
smaller than 1 for crystals with low electron density, which
suggests a strongly localized regime. Most of our samples
however are in a weakly localized regime (WLR), for which
kFλ  1. The magnetoresistance (MR) of CaB6 single crystals
varies, as shown in Fig. 6, smoothly from positive, for n < nc,
to negative values, for n > nc. Diamagnetic shrinking of the
wave function leads to a drop of hopping conduction, which in
turn, gives the positive magnetoresistance we observe [24].
The negative magnetoresistance in the WLR regime most
likely arises from the effects of the magnetic field on the
coherence of backscattered electrons [25] and on electron-
electron interactions [26]. A detailed discussion of these and
other MR data will be published elsewhere [27].
In summary, the variation of the electrical resistivity and
of the Hall effect with temperature in CaB6 single crystals
can be consistently explained by a variable charge state of
intrinsic defects. These defects are most likely B antisites, as
suggested by calculations [11] and in agreement with the high-
resolution photoemission study showing the 2p character of the
impurity features in CaB6 [28]. Our model is also consistent
with the presence of a narrow, defect related, impurity band
close to the Fermi level. Thus it may indicate the validity
of defect-driven intrinsic ferromagnetism in alkaline-earth
hexaborides [17,29]. Such mechanism seems to be responsible
for ferromagnetic properties of nano–CaB6 films [30,31].
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